Introduction
Ultra-wideband (UWB) radio technology has recently attracted considerable attention for various applications, such as short-range high-speed communication, sensor networks, radar and location tracking. In 2002, the Federal Communications Commission (FCC) announced its decision to allow the unlicensed use of the frequency band from 3.1 to 10.6 GHz for UWB communication systems [1] . The FCC also allocated the quasi-millimeter wave band of 22 to 29GHz for radar applications. As a practical use of UWB radar systems, short-range (SR) automotive radar operating in the quasi-millimeter wave band has been receiving increased interest in recent years.
Since the allocation of the UWB bands by the FCC, many research groups have proposed various types of UWB antennas. In particular, planar-type UWB antennas have attracted significant research power in the past few years [2] - [4] . Most of planar-type UWB antennas reported up to now have omnidirectional radiation patterns and low directivity, approximately 0-3dBi. On the other hand, unidirectional and high gain antennas with ultra-wideband characteristics are required in order to realize the quasi-millimeter wave UWB radar systems including the SR automotive radar.
To meet these requirements, this paper presents an UWB array antenna having unidirectional radiation characteristics and high gain over the quasi-millimeter wave band of 22 to 29GHz. The developed array antenna is composed of leaf-shaped bowtie antennas, which are previously proposed by the authors [4] . In order to demonstrate effective performance of the proposed configuration, fundamental characteristics of the antenna array obtained by FDTD analysis and measurements are presented. Fig. 1 illustrates the configuration and coordinate system of the proposed array antenna. Two pairs of radiating elements are printed on top and bottom sides of a dielectric substrate having the thickness of h, relative permittivity of ε r and dielectric loss of tan δ. The side lengths of the substrate are designated as L s and W s . The radiating elements are placed with the separation of S. In the proposed configuration, leaf-shaped bowtie antenna is adopted as the radiating elements. As shown in Fig. 2 , the leaf-shaped antenna [4] is designed by rounding the corner of the square copper sheet with the curvature radius of R s and the central angle of α. The side length of the square shape is denoted by L e . The radiating elements are excited by a feeding circuit consisting of a tapered microstrip line and a parallel strip line T-junction. In order to obtain unidirectional radiation characteristics, a back reflector, having the side lengths of L r and W r , is placed underneath the antenna substrate. The separation between the substrate and the reflector is denoted by d. In the following analysis and measurements, the structural parameters of the proposed antenna are set to values shown in Table 1 . These parameters are designed so that the operating frequency of the array antenna is the quasi-millimeter wave band from 22 to 29GHz.
Antenna Design

Simulation and Experimental Results
In the first place, a single-element leaf-shaped bowtie antenna is analyzed by using FDTD method in order to confirm the fundamental characteristics of the antenna. In the analysis, it is assumed that the antenna is excited by a delta-gap voltage source connected to the center of the radiating element as shown in Fig. 2 .
Frequency response of the input impedance and the actual gain observed in the +z-direction is shown in Fig. 3 and Fig. 4 , respectively. It is seen that the real part of the input impedance is around 180Ω, which is close to that of the self-complementary antenna. The actual gain is almost constant value of around 2.5dBi, which is slightly higher than that of the conventional half-wavelength dipole antenna.
Next, the performances of the 2-element leaf-shaped bowtie array antenna at the quasi-millimeter wave band are evaluated by FDTD analysis and measurement. The prototype antenna was fabricated by using ARLON DiClad 880 dielectric substrate. Fig. 5 shows the simulated and measured reflection coefficient versus frequency. In the measurement, the prototype antenna was connected to the vector network analyzer (Agilent HP8510C) through a 50Ω semirigid coaxial cable and K-connectors. The time-domain gating technique on the network analyzer is utilized for the purpose of removing unwanted reflections caused by the connectors. The measured reflection is less than -12dB over the frequency range from 22 to 29GHz. On the other hand, the simulated reflection is larger than -10dB excepting the frequency around 27GHz. The discrepancy between the measured and simulated results may be attributed to the effect of the conductor loss of the radiating element and the coaxial cable.
The frequency response of actual gain simulated and measured in the +z-direction is shown in Fig. 6 . As for the measured result, the actual gain of 8 to 10dBi is obtained. It is seen that the gain is improved by around 6dB in comparison with the single-element case shown in Fig. 4 . The discrepancy between the simulation and measurement becomes larger with the increase of the frequency. This may be due to the effect of the conductor loss as described in the case of the reflection coefficient.
The co-polarization patterns in the H-plane (xz-plane) and E-plane (yz-plane) are shown in Fig. 7 and Fig. 8 , respectively. In both figures, the results are normalized by the maximum gain, and are observed at 22, 25 and 29GHz. As can be seen from the figures, simulated and measured results are in good agreement. It is also confirmed that unidirectional radiation characteristics are obtained over the frequency band of 22 to 29GHz. The shapes of the E-plane patterns are not symmetrical with respect to the broadside direction. This may be attributed to the presence of the feeding circuit.
Conclusions
A quasi-millimeter wave UWB array antenna has been presented in this paper. As a basic component of the proposed array antenna, a leaf-shaped bowtie element is adopted, and its fundamental characteristics are revealed with the FDTD results. 2-element quasi-millimeter wave UWB array antenna is composed of the leaf-shaped bowtie element, and its performances at the quasi-millimeter wave band of 22 to 29GHz is evaluated by the FDTD analysis measurements. Measured and simulated results validate the effective performance of the proposed configuration. 
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